Lower Central America is an important area to study recent population history and diversification of Neotropical species due to its complex and dynamic geology and climate. Phylogeographic studies in this region are few in comparison with other regions and even less for tree species. The aim of the present study was to characterize the phylogeographic structure in 2 partially co-distributed endemic oak species (Quercus costaricensis and Q. bumelioides) of the Costa Rican mountains using chloroplast short sequence repeats (cpSSRs), and to test for the effect of geological and palaeoclimatic processes on their population history. Genetic diversity and structure, haplotype networks, patterns of seed-mediated gene flow and historical demography were estimated for both species. Results suggested contrasting patterns. Quercus costaricensis exhibited high values of genetic diversity, a marked phylogeographic structure, a north-to-south genetic diversity gradient and evidence of a demographic expansion during the Quaternary. Quercus bumelioides did not show significant genetic structure and the haplotype network and historical demography estimates suggested a recent population expansion probably during the Pleistocene-Holocene transition. The phylogeographic structure of Q. costaricensis seems to be related to Pleistocene altitudinal migration due to its higher altitudinal distribution. Meanwhile, historical seed-mediated gene flow through the lower altitudinal distribution of Q. bumelioides may have promoted the homogenization of genetic variation. Population expansion and stable availability of suitable
the biota in this area has been discussed focusing on the idea that the region represents a mere biogeographic crossroad between Nearctic and Neotropical taxa (Bagley and Johnson 2014a) . However, in the last few years, different authors have remarked the fact that areas such as the Nicaraguan depression, the Boca del Toro region, the Talamanca range, and the Darien isthmus have played an important role in shaping the distribution and genetic structure of several species (including oak species) (Torres-Miranda et al. 2011; Gutiérrez-García and Vázquez-Domínguez 2013; Torres-Miranda et al. 2013; Bagley and Johnson 2014a; Rodríguez-Correa et al. 2015 . Bagley and Johnson (2014a) emphasized that the apparent lack of phylogeographic structure in plant species of Lower Central America can be explained by the use of low-resolution genetic markers and a bias towards studying species with high relative dispersal potential. They also remarked an important taxonomic sampling bias between animals and plants, favoring animal studies with a 9:1 ratio. Bagley and Johnson (2014) also mentioned the need of more phylogeographic studies dealing with co-distributed plant species inhabiting premontane and montane forest belts. So far, few studies have attempted to describe seed-mediated gene flow and historical demography of plant species in this region (e.g. Kartzinel et al. 2013 Kartzinel et al. , 2016 .
In Costa Rica, a wide altitudinal distribution has been described for Quercus species (from 0 up to 3500 meters), as well as an important diversity of plant taxa associated to oak forests (more than 253 vascular plant genera; Kappelle 2006) . There are also differences in oak species composition between the Costa Rican Pacific and Atlantic slopes (Kappelle and van Uffelen 2006) . Within the Costa Rican oak forests, it is common to observe co-occurring species; this is particularly true for Quercus costaricensis and Q. bumelioides in the upper montane forests and for Q. seemanni and Q. bumelioides in the lower montane forests. It is interesting that both Q. costaricensis (a red oak belonging to section Lobatae) and Q. bumelioides (a white oak in section Quercus) exhibit strikingly similar foliage characterized by elliptic leaves with impressed venation and usually conspicuous tomentum on the lower surface leaves (Nixon 2006) . Therefore, these similarities have been attributed to parallelism in response to similar environments (Nixon 2006; Hipp et al. 2018) . The acorns of both species are mainly dispersed by gravity and in a lesser extent by animals, but their fruiting pattern differs since Q. costaricensis seems to produce large crops of acorns and Q. bumelioides produces acorns sporadically (Nixon 2006) . Another difference is on their altitudinal distribution, that although overlaps, indicates that Q. costarricensis is more abundant in higher elevations ((1800-) 2300-3600 m) than Q. bumelioides ((600-) 1100-2900 m) (Morales 2010) .
This scenario of 2 congeneric species with similar seed-mediated dispersal, with some degree of sympatry and similar environmental niches, offers the opportunity to test if historical processes associated to geology and climate have influenced similarly the species' historical population dynamics in a heterogeneous landscape as the Costa Rican mountains. Therefore, we set as aims of this study: 1) to describe the phylogeographic structure of 2 partially co-distributed oak species (Q. costaricensis and Q. bumelioides) in the Costa Rican mountains, 2) to characterize the historical demographic patterns of these 2 species, 3) to describe the magnitude and direction of seed-mediated gene flow (seed-flow) among sampling locations within the 2 oak species, and 4) to compare shifts in the potential distribution of both species during the Last Glacial Maximum and the Last Interglacial. We expected to observe a marked genetic structure and limited historical seed-flow for both species (particularly for Q. costarricensis due to its upper altitudinal distribution), considering the restrictions to seed dispersal imposed mainly by geological events and climatic changes during the Pleistocene.
Methods

Studied Species
Q. costaricensis and Q. bumelioides belong to the Lobatae and Quercus sections of genus Quercus (Fagaceae), respectively. Quercus costaricensis is a tree with black bark that reaches a height between 3 and 50 m, with obovate and tomentose leaves. The species is distributed in montane forests and paramo ecosystems in both slopes of the Costa Rica Central Cordillera (CC) and Cordillera de Talamanca (CT) (Morales 2010) . Quercus bumelioides is a tree with gray to white-gray bark that reaches between 6 to 40 meters, with obovate to elliptic leaves. It is mainly distributed in montane forests (including primary and secondary forests) in the Cordillera de Guanacaste (CG), Cordillera de Tirilán (CTi), CC, and CT (Morales 2010) . Overall, we sampled between 5 and 9 individuals (42 in total) from 6 sampling localities of Q. costaricensis (1 from CG, 1 from CTi, 1 from CC, and 3 from CT), and between 4 and 15 individuals (75 in total) in 7 sampling localities of Q. bumelioides (2 from CC, 1 from the Central Valley, and 4 from CT) across their distribution range in Costa Rica.
DNA Isolation and Microsatellite Amplification
Total DNA was extracted using the QIAGEN DNeasy plant mini kit. Nine chloroplast DNA (cpDNA) microsatellite loci designed for Fagaceae species (cmcs2, cmcs3, cmcs4, cmcs5, cmcs6, cmcs7, cmcs10, cmcs12, and cmcs14; Sebastiani et al. 2004) were screened and tested for polymorphism, using 2 primer groups (cmcs3, cmcs4, cmcs5, cmcs6 formed the first group and cmcs2, cmcs7, cmcs10, cmcs12, cmcs14 the second group) for multiplexing reactions. Polymerase chain reactions (PCR) were performed using the QIAGEN multiplex PCR kit with a final volume of 5 µL containing 1X multiplex PCR master mix, 0.25 mM of each primer, 10 ng of DNA and dH 2 O. Amplification was performed using an initial denaturation step for 15 min at 95 °C, followed by 35 cycles, each of 30 s at 95 °C, 1.5 min at 55 °C and 1 min at 72 °C, and a final extension step for 30 min at 60 °C. PCR products were analyzed in a ABI-PRISM 3300 Avant sequencer (Applied Biosystems) and the resulting electropherograms were processed using the Peak Scanner program version 2.0 (Applied Biosystems).
Genetic Diversity and Structure
Haplotypes were defined as unique combinations of size variants for the evaluated chloroplast microsatellite loci. Rarefied haplotype richness (AR), haplotype diversity with unordered alleles (h; Pons and Petit 1996) and the mean pairwise genetic distance among individuals within a population under a stepwise mutation model (D   2  SH ; Goldstein et al. 1995) were calculated for each sampling locality and regionally for CT locations of both species using SPAGeDi version 1.1 (Hardy and Vekemans 2002) . Regional estimators were obtained in order to compare the species diversity and historical demography in the most homogeneously sampled geographic unit (CT) where both species occur. Genetic differentiation and phylogeographic structure were assessed by calculating G ST (the coefficient of genetic differentiation with unordered alleles) and N ST (the coefficient of genetic differentiation with ordered alleles) with SPAGeDi version 1.1 (Hardy and Vekemans 2002 resulting from the presence of closely related haplotypes within the same populations (Pons and Petit 1996) .
The partitioning of the genetic variation between and within sampling locations was estimated using an analysis of molecular variance (AMOVA). AMOVA was calculated considering both F STlike (based on the infinite alleles mutation model, IAM) and R STlike (based on the stepwise mutation model, SMM) measures and using 10 000 permutations in Arlequin version 3.5 (Excoffier et al. 2005) . Haplotype relationships were inferred using minimum spanning networks with the median-joining method and a maximum parsimony search (Bandelt et al. 1999; Polzin and Daneschmand 2003) in Network version 4.6. Networks were calculated for the entire set of sampling locations for each species and separately for the locations within the CT. To assess possible geographical patterns in genetic diversity levels, the correlation of AR, h S , and D 2 SH with the latitude of the sampling localities was determined using R version 3.2.2 (R Core Team 2015). However, this analysis was only performed for Q. costaricensis because of the small latitudinal range of Q. bumelioides.
Genetic Barriers and Seed-flow Estimation
The location of the most important genetic discontinuities for Q. costaricensis was determined using the Monmomier's maximum difference algorithm implemented in BARRIER version 2.2 (Manni et al. 2004) . For this purpose, a pairwise matrix of average square genetic distance (ASD; Goldstein et al. 1995; Slatkin 1995) was calculated. To provide bootstrap support to the observed genetic barriers the matrix was randomly resampled 100 times. Only barriers with a bootstrap support value over 80 were reported. Quercus bumelioides was excluded from this analysis considering the lack of significant genetic structure (see Results).
In order to estimate seed-mediated gene flow (Nm) patterns, effective population sizes and mutation scaled immigration rate (M) between sampling localities was estimated for Q. costaricensis and Q. bumelioides in MIGRATE version 3.2.19 (Beerli and Felsenstein 2001) . In this analysis, an initial genealogy started from a random tree and initial migration rate and theta parameters were estimated from F ST . Ten short chains (5 × 10 5 genealogies sampled) and 3 long chains (1 × 10 7 genealogies sampled) after discarding 1 × 10 4 genealogies as a burn-in were run under a Brownian motion approximation as the mutation model. Analyses were run 3 times using different starting seeds in order to check for parameters estimates consistency.
Historical Demography
Events of demographic expansion were assessed using the F S statistic (Fu 1997 ) and the mismatch distribution test (Rogers and Harpending 1992) for Q. costaricensis and Q. bumelioides. F S values were calculated considering that Fu's statistics behave better than other estimators such as Tajima's D in both, small and large population samples (Ramos-Onsins and Rozas 2002). F S statistic were calculated using Arlequin version 3.5 (Excoffier et al. 2005) using cpSSR data coded in binary form as suggested by Navascués and Emerson (2005) . This analysis was performed considering all sampling localities of each species as a single group and considering all sampling localities of the CT, due to the low genetic structure observed. For those sampling localities or groups that exhibited negative and significant F S values (usually indicating a population demographic expansion; Fu 1997), and nonsignificant raggedness values, the estimation of the time to the population expansion in mutational units (τ) was calculated using the maximum-pseudolikelihood method implemented in the LMSE software (Navascués et al. 2009 ), which accounts for homoplasy. The time to expansion in years was calculated using the expression τ = 2lµt (l: number of microsatellite loci, µ: microsatellite mutation rate and t: generation time; Rogers and Harpending 1992) considering a per-locus mutation rate between 1 × 10 -5 and 1 × 10 -4 , as well as a generation time between 50 and 100 years (Navascués et al. 2009; Heuertz et al. 2010) .
Ecological Niche Modeling
Climatically suitable areas for Q. costaricensis and Q. bumelioides during the Last Interglacial (LIG; ~120 ka BP), the Last Glacial Maximum (LGM; ~21 ka BP) and the present-day (PD) periods were estimated using ecological niche models (ENMs) in Maxent version 3.3.3a (Phillips et al. 2006) . Occurrence data were downloaded for both species from a public repository (Global Biodiversity Information Facility; https://www.gbif.org/). Geographic information was filtered according to the reported distribution and altitudinal range of each species. Environmental data used to run the models were obtained from a set of 19 bioclimatic variables described by Hijmans et al. (2005;  http://www.worldclim.org/bioclim) at a spatial resolution of 30 arc-seconds (~1 Km). From these 19 variables, a sub-set was defined by eliminating one variable from each pair of highly correlated bioclimatic variables (r > 0.7) and prioritizing more general versus more specific variables. Only data points separated by more than 0.1 decimal degrees with respect to their nearest neighbor were used in order to reduce aggregation of geographic records.
ENMs were estimated after 100 replicas using the bootstrap resampling method using the 30% of the presence records to calculate quality estimators and 70% to run the models. In the absence of palaeoecological data to build the LGM and LIG models, the "projection" option in Maxent was used to obtain palaeodistribution maps for both species. Projections into past periods were estimated using 3 general circulation model layers, the Community Climate System Model (CCSM; Collins et al. 2004 ) and the Model for Interdisciplinary Research on Climate (MIROC; Hasumi and Emori 2004) for the LGM, and a model proposed by Otto-Bliesner et al. (2008) for the LIG. The area under the receiver operating characteristic (ROC) curve analysis (AUC; Fielding and Bell 1997) was used to determine the model quality, and the fixed cumulative value 1 logistic threshold (FCV) was used to calculate binomial outputs. FCV was used as it has been suggested as an appropriate threshold criterion in other Neotropical species analyzed with palaeoecological methods involving ENM (Rodríguez-Correa 2015) . Finally, the stability of climatically suitable areas through the different time periods was determined by overlaying the obtained distribution maps.
Results
Genetic Diversity and Genetic Structure
A total of 42 individuals distributed in 6 locations and 75 individual distributed in 7 locations were characterized for Q. costaricensis and Q. bumelioides, respectively (Figure 1 ; Table 1 ). All the 9 cpSSR were polymorphic and the number of alleles for each locus varied from 2 to 4 in both species. The number of haplotypes per species was 18, including 8 singletons and 6 haplotypes private to a single sampling locality for Q. costaricensis, and 26, with 15 singletons and 2 private haplotypes for Q. bumelioides. Mean (s.e.) h S and total gene diversity (h T ) were 0.68 (0.021) and 0.95 (0.028), respectively, for Q. costaricensis, and 0.825 (0.038) and 0.84 (0.037) for Q. bumelioides. Regionally, at the CT, Q. costaricensis pooled samples showed 14 haplotypes and a total gene diversity of 0.96 (0.031), meanwhile Q. bumelioides exhibited 16 haplotypes and a total gene diversity of 0.77 (0.028).
Genetic differentiation (s.e.) among sampling locations in Q. costaricensis was 0.275 (0.029; P < 0.05) for unordered alleles (G ST ) and 0.485 (0.045; P < 0.05) for ordered alleles (N ST ). Meanwhile, Q. bumelioides exhibited nonsignificant (P > 0.05) values for both G ST (0.003 ± 0.029) and N ST (0.005 ± 0.028). The presence of the phylogeographic structure in Q. costaricensis was supported by significant N ST >G ST (P < 0.001), but in Q. bumelioides the difference between G ST and N ST was not significant. AMOVA (Table 2) showed that for both F ST and R ST -like measures in Q. costaricensis (0.49 and 0.52 respectively) the partitioning of the genetic variation was similar among sampling localities (49.52% for IAM and 52.81% for SMM). In Q. bumelioides both differentiation values (0.007 and 0.01, respectively) were nonsignificant. Correlation tests of latitude versus AR (r = −0.91, P < 0.01) and h S (r = −0.88, P < 0.01) for Q. costaricensis showed a significant increment of genetic diversity as latitude decreases; therefore sampling localities at the CT exhibited higher genetic diversity values. In contrast, no relation was found between D 2 SH and latitude (r = 0.072, P > 0.05).
The haplotype network in Q. costaricensis (Figure 2a ) showed that haplotype H14 was present in 4 sampling localities across the range of the species. Other 3 haplotypes (H2, H6, and H7) were present in 2 sampling localities each, and the rest of the haplotypes were private to a single location or were singletons. All of the haplotypes were separated by one mutational step with the exception of haplotype H16 that was separated by 3 mutations from haplotype H10. The haplotype network of Q. bumelioides (Figure 2b ) was characterized by a star-shaped pattern, with 2 frequent and widely Figure S1) , haplotype networks showed similar topologies compared to the ones described above; the observed differences corresponded to lower haplotype frequencies and the absence of several unique haplotypes.
Genetic Barriers and Seed-flow Estimation
Significant genetic discontinuities among Q. costaricensis sampling localities were identified, separating locality c2 at northern Cordillera de Guanacaste (CG), c1 located at southern CG, and c3 located at the Cordillera Central (CC). Sampling localities in the Cordillera de Talamanca (CT; c4, c5, and c6) were grouped together without any significant differentiation between them (Figure 2a ). Seed-mediated gene flow (Nm) between Q. costaricensis localities ranged from 0 to 0.896 but only 6.6% of the comparisons showed non-negligible seed-flow values (Table 3) . None of the paired comparisons showed bidirectional seed-flow. The only nonzero seed-flow values were from localities c1 to c5 and from c6 to c5. In contrast, Q. bumelioides Nm values between sampling localities (42 comparisons) were greater than 0.5 in 23.8% of the cases, ranging from 0.58 to 0.85 (Table 3) . In this species neither of the paired comparisons indicated seed-flow in both directions. Locality b3 located at the CC acted as an important seed-flow source (b3→b2, b3→b4, and b3→b7; Figure 2b) ; meanwhile, sampling locality b7 was identified as the most common recipient (b1→b7, b3→b7, and b4→b7; Figure 2b ).
Historical Demography
Four Q. costaricensis sampling localities (c1, c2, c3, and c4), as well as all as a whole, exhibited significant negative F S values and nonsignificant raggedness values (Table 4 ) suggesting a recent demographic expansion for the species. The estimation of the time to the population expansion (low mutation rate and long generation time/high mutation rate and short generation time) ranged between 826-41 and 1210-60 ka BP for individual sampling sites, while combined CT sampling sites exhibited a demographic expansion dated at 1517-75 ka BP. Considering all sampling localities as a single unit the demographic expansion was dated at 2355-117 ka BP. For Q. bumelioides localities b1, b3, b4, and b7 had significant negative F S values and nonsignificant raggedness values (Table 4) ; however, the estimation of the time to the population expansion showed a different pattern from Q. costaricensis. Demographic expansion dates for individual sampling sites ranged between 588-29 and 1110-55 ka BP, were 182-9 ka BP for the CT sites combined and were 316-15 ka BP considering all sampling sites as a unit. For both species, in the analysis combining sampling sites from the CT, the least-squares procedure to fit model mismatch distribution and observed distribution did not converge after 2000 steps suggesting a paucity of data (Franco et al. 2017) . However, the time to the population expansion was nevertheless calculated considering that in both species significant negative F S values were observed for the combined CT sites.
Ecological Niche Modeling
A total of 81 and 84 records were respectively used to perform the Q. costaricensis and Q. bumelioides ecological niche model (ENM). Approximately 10% of the original records were discarded mostly due to low distance between localities. Both species ENM presented a good performance as indicated by the AUC values (0.997 and 0.998, respectively). Quercus costaricensis climatically suitable areas were distributed over the 1000-m line through the highlands in the present-day and both 21 ka BP scenarios (Figure 3a-c) . In the 120 ka BP scenario (Figure 3d ), even though the climatic suitability values did not decrease, the potential distribution of the species showed a shift southwards into the Panamanian mountains. In contrast, Q. bumelioides climatically suitable areas extended below the 1000-m line all over the mountainous region of Costa Rica and Panama during the present-day and 21 ka BP scenarios (Figure 4a-c) , but in the 120 ka BP scenario (Figure 4d ) the distribution of the species showed an important decrease and got restricted to the Panamanian mountains. When temporal scenarios were considered together for Q. costaricensis (Figure 5a ) it was noticed that the areas that have remained stable since the 21 ka BP (gray areas) and the 120 ka BP (black areas) periods are found mainly in the CT. Meanwhile, for Q. bumelioides stable areas covered most of the Costa Rican mountains under both 21 ka BP (gray areas) scenarios but are restricted to the Panamanian mountains for the period between 120 ka BP (black areas) and the present (Figure 5b ).
Discussion
The present study showed differential patterns of historical demography, phylogeographic structure, and gene flow in partially codistributed and congeneric oak species, even within a relatively small and geographically restricted area. Our results highlight the importance of Southern Central America as a complex and dynamic region not only from the geological perspective, but also from the point of view of the evolutionary history of the biotas that distribute therein.
The phylogeographic structure of several taxa has been studied within the area comprising from northern Costa Rica to the Darien Isthmus, but most of these studies have been on animals such as amphibians (García-Paris et al. 2000; Crawford et al. 2007; Streicher et al. 2009; Hauswaldt et al. 2011; Brusa et al. 2013) , mammals (Ruíz-García et al. 2012 ) and fish (Larson et al. 2012; Bagley and Johnson 2014b) . Studies of plants have been almost restricted to lowland species with wide distribution range, from genera such as Bursera, Brosimum, Ficus (Poelchau and Hamrick 2013a) , Jacaranda, Luehea, Simarouba (Jones et al. 2013) , Symphonia (Dick and Heuertz 2008; Jones et al. 2013) , Quercus (Cavender-Bares et al. 2011; , Cedrela (Cavers et al. 2003) , and Cordia (Rymer et al 2013) , whereas analyses of montane species are practically absent. Apparently, patterns of contemporary and historical gene flow for mountainous taxa have been analyzed so far only in orchid and bromeliad species (Kartzinel et al. 2013 (Kartzinel et al. , 2016 . In this study, Q. costaricensis and Q. bumelioides, located at upper and lower montane ecosystems, respectively, showed differential responses to historical geological and climatic changes. , and other Quercus species such as the European white oak complex (11 haplotypes; Grivet et al. 2006) , Q. suber in the western Mediterranean (5 haplotypes; Magri et al. 2007) and Q. garryana in the Pacific northwestern region of North America (6 haplotypes; Marsico et al. 2009 ). Although diversity values seem to be consistently higher within Neotropical oak species compared to Nearctic species, this comparisons should be treated carefully considering that not only the set but also the number of cpSSR loci used are not exactly the same between studies.
In terms of genetic structure, Q. costaricensis exhibited a significant N ST >G ST (P < 0.001) difference, which indicated phylogeographic structure. AMOVA also suggested that a significant proportion of the genetic variation is distributed among sampling locations under both F ST and R ST -based measures ( Table 2 ). The haplotype network showed a considerable number of unique and private haplotypes and only one haplotype distributed through almost all the sampling localities (H14; Figure 2 and Supplementary Figure S1 ). Correlation tests between latitude and genetic diversity suggested that number of haplotypes, haplotype richness, and h S tended to increase in a north to south direction. Together, the phylogeographic structure, the partitioning of the genetic variation between and within sampling localities and the haplotype distribution suggested that the spatial configuration of the genetic variation might have been shaped by historical (e.g. geologic and climatic) events. This idea is supported by the fact that the genetic discontinuities for Q. costaricensis were observed separating the most important mountain systems in Costa Rica, the CG, the CC, and the CT (Figures 1 and 2a) . The MIGRATE analysis also suggested the absence of seed-mediated gene flow (except for location c5 that acted as a sink from localities c1 (Cti) and c6 (CT)) that may explain the presence of the observed genetic discontinuities. Quercus costaricensis is abundant at higher elevations (1800-2300 and up to 3600 m; Morales 2010), therefore the geologic heterogeneity of the Costa Rican mountains may have affected historical patterns of seed-flow, considering that most of the acorn dispersal in oaks is determined by gravity and in a lesser extent by animals. Despite the fact that it is unlikely to expect continuous seed dispersal between mountains by vectors such as birds, it has been hypothesized that long-distance dispersal by passenger pigeons may have allowed the dispersal through barriers (Nixon 1985) , which represent an important potential mechanism during the species range expansion events.
Even though Q. costaricensis is distributed within a single physiographic province, the Chorotega block, the observed phylogeographic structure makes sense when considering the geological heterogeneity of the Costa Rican mountains. The Chorotega block in the Panama Canal fault zone limits to the east with the Chocó block, and both blocks are situated within a region of complex tectonics between the Caribbean, South American, Cocos, and Nazca plates (Marshall 2007) . The Chorotega block is characterized by Cenozoic volcanism and upper-plate deformation mediated by complex tectonics along the southern Middle America trench. Within the Chorotega block, the Chorotega volcanic front is characterized by the presence of a complex volcanic belt that includes the CG, CTi, CC, and CT, all generated by Cenozoic tectonics (Marshall 2007) . CG is formed by distinct mountains configured by a Quaternary chain of shield-like stratovolcanos distributed above a surrounding low-relief matrix (Marshall 2007) , which may explain the presence of geographical barriers between CG, CTi and CC (Figure 2 ). CC is composed by a NW-trending mountain range with peak elevations from 2000 to 3400 m, and a strong climatic gradient across the range (Marshall 2007) . Once again, the limits between CC with Cti, CG (to the north), and CT (to the south) are determined by a lower elevations matrix such as the CV that may have limited seed-flow between cordilleras. Authors such as Islebe and Hooghiemstra (2006) have described that during glacial to interglacial conditions there have been important downward and upward migrations reflected in the Costa Rican oak palinological records. Continuous changes of the altitudinal distribution due to historical climate change may have promoted ancient, weak, and intermittent connections at the lowlands due to the higher elevation distribution of Q. costaricensis, but this intermittent connection may have not been strong enough to promote important levels of historical seed-flow.
CT is in southeast of the CV, with a volcanic gap that extends into Panama, where the major southern Central American elevations are found (over 4000 m). Interestingly, according to the ENMs, it is in this nonvolcanic region where the climatic niche for Q. costaricensis has remained more stable and where the higher levels of genetic diversity and seed-flow were observed (Table 3; Figure 2 ). According to the results of the historical demography analysis, a demographic expansion may have occurred for Q. costaricensis during the 2.3 My-117 ka BP (1.5 My-75 Ka BP for the CT) period. This signal of demographic expansion agrees with the idea that the Quaternary ice ages have been a time of redistribution of populations (Bennett et al. 2012) . The observed effect of the low-relief matrix separating mountains by climatically unsuitable area for Q. costaricensis (Figures 3 and 5 ) in the levels of genetic diversity, genetic structure, and seed-flow patterns is particularly interesting. Similarly, authors such as Hamrick (2012, 2013a, b) have described several drivers that have shaped gene flow patterns in neotropical species, being the changes in environmental conditions and geographic heterogeneity of high importance for lowland and mountainous species in Central America (e.g. Kartzinel et al. 2013 Kartzinel et al. , 2016 .
In contrast, Q. bumelioides exhibited a very different pattern. The AMOVA suggested that most of the genetic variation is found within sampling localities (Table 2) and there was no detectable phylogeographic structure. For that reason, geographic discontinuities in the genetic structure were not calculated. Seed-mediated gene flow analyses (Table 3 ; Figure 2b ) suggested that several sampling localities have significant seed-mediated gene flow levels either as source or sink localities. The haplotype network exhibited a star-shaped structure that suggests a recent population expansion with the presence of 15 unique haplotypes and 2 widespread haplotypes (H12 and H13; Figure 2a) . Such patterns could be explained considering that Q. bumelioides is mainly distributed in the lower montane forest belt, between (600-)1100 and 2900 m (Morales 2010) . Therefore, connectivity between mountains is more likely to occur in comparison to upper montane oak species. Interestingly, the lack of genetic structure implies important levels of seed-mediated gene flow that have homogenized genetic variation thought the species population or a very recent spread throughout the current geographic range. The observed sporadic acorn production of Q. bumeloioides during the rainy season (Nixon 2006 ) and the observed gene flow estimates suggest a low but effective dispersal and hence seed-mediated gene flow.
ENM results (Figures 4 and 5) suggested that during glacial stages climatic suitability values and the potential distribution of the species were similar to the present-day period. Meanwhile, during the 120 ka BP period, the areas with climatically suitable values were located southwards (in the CCP). The Q. bumelioides ENM and distribution of stable areas (Figures 4 and 5 ) support a scenario of recent population expansion from the Costa RicaPanama border (more stable area; Figure 5 ) northwards up to the CC, evidenced by both, the regional and CT-based negative F S and nonsignificant raggedness values (Table 4) , dated between 316-15.8 and 182-9 ka BP, respectively (Mid Pleistocene-Holocene). Similar patterns of connectivity during glacial stages, high levels of genetic diversity, absence of phylogeographic structure and population expansion during the Pleistocene-Holocene transition only have been observed in another Neotropical oak species, Quercus humboldtii (Rodríguez-Correa 2015).
In conclusion, our results add to and enhance previous observations regarding the effect of a low-relief matrix separating mountains on the evolution of Central American species (Poelchau and Hamrick 2012; Kartzinel et al. 2013 Kartzinel et al. , 2016 Rodríguez-Correa et al. 2017) , particularly those distributed in its northern portion promoting shifts between lower and higher elevations during Pleistocene. Even though our results suggested contrasting phylogeographic patterns between 2 congeneric and partially co-distributed species due to their differences in altitudinal distribution, mainly at the CT, our conclusions should be treated carefully due to the limitations related to the unequal sampling of the 2 species. Finally, our findings also suggest that the understanding of the effects of the complex and heterogeneous geological and palaeoclimatic history of the Neotropical mountains on oak species evolution still requires further regional studies in other Central and South American species. 
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